Active electronically scanned antenna (AESA)-based radars imbibe the desirable feature of 'graceful degradation'. Such radars use miniaturised transmit-receive (TR) modules and a failure of few modules does not lead to failure of the mission. For example, in AESA-based ground MTI radar, failure of a few modules does not affect the array performance. In such a case, the static ground clutter is centred on zero frequency does not have a motion dependent Doppler spread. However, in airborne AESA radars, the ground clutter has an angle dependent Doppler frequency due to the platform motion and clutter leaking in through antenna side-lobes. Hence, the antenna side lobe levels dictate the side lobe clutter against which target detection is to be performed. The detection performance is governed by the signal to interference plus noise ratio (SINR). For Airborne surveillance radar the effect of random and systematic failures of TR modules and their effect on SINR is characterised. It is shown that single channel processing does not effectively provide the graceful degradation feature as the SINR loss due to failures is significant. However, the effect of systematic failure on SINR loss is less as compared to random failures. An effective scheme for feeding the array is also proposed.
NomeNclAtuRe

INtRoDuctIoN
Airborne surveillance radars are migrating to AESA due to advantages like inertia less beam scanning, beam agility and graceful degradation. The basic building block of AESA radar is miniaturised transmitter and receiver behind each antenna element and is popularly known as the transmit -receive (TR) module. This arrangement distributes the transmitters and receivers across array elements bringing in robustness against single point failures in the system. One of the prime advantages of this technology is that failure of a few modules does not degrade the performance of the radar leading to mission failure. Hence the mean time between critical failures (MTBCF) of such arrays is long and the radar is known to possess 'graceful degradation' feature.
Ground-based long range AESA radars have typically more than a thousand TR modules. Failure of few modules does not significantly affect the detection performance as the gain of the array does not significantly reduce due to failure of few modules. The undesirable component ground clutter, entering through the side-lobes, falls around zero frequency. This zero frequency clutter can be effectively mitigated by adopting moving target indicator (MTI) or Doppler processing schemes. Hence the side lobe level increase or the distribution of the side-lobe energy in the antenna pattern is not a critical parameter for the ground-based MTI radars and such radars follow the 'graceful degradation' trend.
The situation is drastically different in airborne radars where the platform motion causes the clutter to inherit an angle dependent Doppler frequency. The main lobe clutter can be tracked and removed by clutter centroiding and MTI filtering technique. However, the side lobe clutter which spreads in frequency cannot be filtered out. The side-lobe clutter power depends on the antenna side-lobe levels and is dominated by inter-cardinal elevation side-lobes which illuminate the ground at near ranges. Hence, most long range airborne radars have ultra low-side-lobes which bring the side-lobe clutter energy below noise. The detection performance of such radars is affected by the antenna side lobe levels in addition to the main lobe. The characterisation of side lobes due to random array failures is stochastic in nature and hence it is not clear if 'graceful degradation' still is applicable for airborne radars. This is due to the fact that increased side lobes due to the failure of TR modules can raise the clutter floor significantly resulting in considerable detection loss.
RelAteD woRK
AESA radars are commonly used in long range airborne surveillance radars, providing high availability and performance. The distinguishing feature of an AESA is that it can have failed elements and still operate at high performance levels. The failure of TR modules is usually due to the failure of power amplifier, the low noise amplifier (LNA) or the control circuitry. The control circuitry typically controls multiple TR modules. The mean time between failures (MTBF) of TR modules for robust designs is discussed by Agrawal 1 . The characterisation of the TR module failures in terms of amplitude and phase errors for a large space-based array for anti-jam performance is characterised by Wang 2 . The directivity loss and the mean far side-lobe ratio are computed in terms of the error statistics. The work is extended to include manufacturing errors in Wang 3 . The effect of analysis of nonuniformity of array elements is also provided by Skolnik 4 . The degraded pattern is expressed as a function of the variances of the amplitude errors, phase errors and percentage of failed elements in Shahmiran 5 . Effect of module failures is also characterised for one dimensional phased array in Guodang 6 and is concluded that deterioration in gain is less than that of the side-lobes. Correction of antenna pattern for large monopulsebased arrays is discussed in Keizer 7 . Phase randomisationbased techniques to combat quantisation errors are given in Kamoda 8 . None of the above works throw light on the effect of array failures on inter-cardinal side-lobes that are critical for airborne radar. Most of the side-lobe clutter enters the radar through the inter-cardinal side-lobes that touch the near ranges. In this paper, the effect of array ageing effects is holistically characterised from increase in side-lobe clutter due to the array failures and its effect on the radar detection performance. The performance is characterised for random failures, systematic failures, and loss in calibration.
Simulation of ground clutter radar returns accounting the 3D antenna pattern, both in transmit and receive is an important part of this work. The clutter simulation is performed using techniques provided in Skolnik 9 and Ward 10 .
AeSA-bASeD AIRboRNe RADAR moDel
Consider airborne surveillance radar flying with velocity of v m/s at a height of h feet above the ground. The radar transmits electromagnetic waves with centre frequency 0 f and bandwidth B. The radar has to detect airborne targets against urban ground clutter. The radar has an AESA planar antenna array comprising of radiating elements arranged in a rectangular grid. The grid has M rows and N columns. Hence the total number of elements in the array is MN . The inter element spacing 2 dx dy l = = , where dx and dy are the inter element spacing along length and breadth respectively and l is the wavelength. The radiating element has pattern of 1 cos n q and 2 cos n q in the azimuth and elevation directions respectively where n 1 and n 2 are chosen according to the type and dimension of the radiating elements and they control the active element beam width. The antenna array is divided into L panels for ease of fabrication and maintenance.
There is a TR module feeding each of the MN array elements. Each TR module can provide R watts of power. The TR module has 2 q phase and amplitude states, where q is the number of bits of phase shifter and attenuator. The TR module is packed into multi-modules with a common control circuitry and is called TRMM. Without loss of generality, each TRMM has M TR modules. The output of TR modules inside a TRMM are combined used a power combiner which is also assumed to be part of the TRMM. A TRMM can feed a column of the array and hence N TRMMs feed the whole array. The TR module in a single panel is powered by a power supply bank which is kept near the modules. Since, there are L panels, L such power supply banks are required. The power supply banks are assumed to have power modules inside. The AESA configuration is depicted in Fig. 1 . The output of the TRMM is combined by a beam forming network to produce the array output channel and the monopulse channels. These channels are used for target detection and estimation of parameters like target location and velocity.
The array is assumed to be operating in the narrow band regime where the bandwidth is only a small percentage of the centre frequency. This allows for the approximation of time delays by phase shifts 11 . The antenna pattern is described in terms of the azimuth angle ( ) f and elevation angle ( ) q . A steering vector-based formulation is adopted for antenna pattern computation. This formulation has the advantage that it can incorporate the array ageing effects in terms of vectors and matrices and makes the notation easier. let ⊗ denote the Kronecker product of two matrices and  denote the point by point or Hadamard product. Define ,
and
denotes the MN dimensional steering vector that corresponds to the look direction. The response at any direction ( , ) f q can be found out by the defining 2 sin( ) cos ( )
and defining of column vectors X and Y similar to (3) and (4) and computing Z X Y = ⊗ . The array factor is given by 0 , ( , )
H is the Hermitian transpose. The incorporation of array weighting to reduce side lobes is done as follows. let 1 W be the weighting along length of the array and 2 W be along the breadth. The combined MN dimensional weighting is
The weighting is different for transmit and receive patterns. The weighting is usually uniform in transmit and Taylor or Chebyshev in receive.
The array factor with weighting is given by 
.
(W P( , ) AF( , ) E( , )
f q = f q f q
The AF is computed for each ( , ) f q and it gives the 3D array pattern. This is further multiplied by the element pattern ( , ) E f q to obtain the overall antenna pattern.
P( , ) AF( , ) E( , )
f q = f q f q  (13) The overall antenna pattern can be different for transmit and receive as the weighting functions chosen can be different.
Simulation Setup
For quantifying the various real world array effects, the following parameters described in Table 1 are considered for simulation. 
The effect of 0.5 bit of residual error in calibration is characterised by choosing suitable 1 b and 2 b . This is used to represent the real world pattern of the AESA. The difference between this pattern and the ideal pattern is in the side lobe structure. The antenna pattern is uniform in transmit and has weighting in receive for side lobe control. The weights chosen in receive is Taylor with -35 dB side lobe, 5 n = along the length and -25dB side lobe, 4 n = along the breadth. These patterns are representative and the conclusions hold in general. Figure 1 shows the receive pattern with 0.5 bit of residual error in both amplitude and phase. The comparison of various parameters like average side lobe level, inter-cardinal average side lobe level, cardinal side lobe level in azimuth, and cardinal side lobe level in elevation is as tabulated in Table 2 . The values are computed with averaging over Monte Carlo runs.
From the table it can be noticed that residual errors in calibration affects the inter-cardinal side lobes to a greater extent than the cardinal averages. However, the increase in side lobe levels is not considerable.
ARRAy AGeING effectS AND ANteNNA
PAtteRN TR modules-based on Gallium Arsenide (GaAs) microwave monolithic integrated circuits (MMIC) lead to the fielding of AESA-based radar systems. TR modules have the role of power amplification, signal reception, beam scanning, and beam shaping. These functionalities are achieved through a power amplifier, LNA with limiter, phase shifter, and attenuator respectively. The phase shifter, attenuator, and other controls can be often packed in a multi-functional chip often called core chip 12, 13 . The component that is most prone to failure in a TR module is the power amplifier, mostly due the self heating. Components like lNA and associate circuitry, control electronics, core chip, power converters can also fail.
From the configuration in Fig. 1 , the following ageing effects can occur in the array (i) loss in calibration due to ageing of components (ii) Failure of a few TR modules in a random fashion leading to random failures (iii) Failure of one or few TRMM leading to column failures.
The first part of the paper characterises the effect of the above failures on the 3D antenna pattern of the array. The second part extends the study to how these antenna patterns affects the side lobe clutter levels and the subsequent detection loss. The relative severity of various errors will provide an assessment of the array feeding mechanism and the configuration of the TRMM and the PS.
loss in calibration
The loss in calibration occurs due to the ageing of components or a different operational condition, like change in temperature. The loss in calibration can be modelled by using the same model as residual bit errors. The values of 1 b and 2 b that denote the number of bits of amplitude and phase error are suitably adjusted to capture the effect of loss in calibration. The effect of loss in calibration is as provided in Fig. 3 . The pattern parameter values are obtained using Monte Carlo runs. It is found from Fig. 3 that the variation of pattern parameters due to calibration errors is almost linear. However, the calibration error has the maximum effect on the intercardinal side-lobe.
Random failures
TR module failures occur usually due to the failure of the power amplifier or the LNA. The failure of power amplifier and lNA affects the transmit pattern and receive pattern respectively. The failure of any component in the common path (e.g., the core chip, power supply drive to each of the TR module) will affect both transmit and receive pattern. Radom 
A representative antenna pattern with 10 per cent random failures is as given in Fig. 4 . A comparison between Fig. 2 and Fig. 4 , shows the increase in inter-cardinal side lobes due to the random failure of the TR modules. The various pattern parameters for random errors are provided in Fig. 5 . Also there is a gain loss of around 0.8 dB for 10 per cent random failure.
As evident from Figs. 4 and 5, the inter-cardinal side lobes show drastic increase due to random errors. Even 2 per cent random failure is enough to increase the inter-cardinal average by 10 dB. Also it can be noted that the cardinal average side lobes do not change drastically. Hence, any analysis-based on the cardinal average side lobe characteristics will fail to capture the effect of random TR module failures. 2 F with all ones but for zeros in the position of columns which have failed. Hence,
and the corresponding patterns are found out by substituting F cf instead of F rf in Eqns. (15) and (16). The effect of antenna parameters on column failures is as given in Fig. 6 .
As seen from Fig. 6 , column errors effect the cardinal azimuth side lobes to a greater extent than the inter-cardinal side lobes. The comparison of the cardinal azimuth side lobes amongst various ageing effects is as given in Fig. 7 . This also includes the power supply (PS) failure which can be modelled as multiple column failure.
It can be seen that the cardinal azimuth side lobe increase is least for the random errors and the most for power supply failures at the centre of the array. The side lobe increase due to column error is also significant. The interesting fact is that the increase in inter-cardinal side lobes follows a reverse trend where the increase in side lobes is highest for the random errors and least for the power supply failures. This also brings in the need of a high fidelity clutter simulation to characterise the effect of degraded 3D antenna pattern due to failures.
AIRboRNe RADAR clutteR
The effect of the module failures in terms of the antenna parameters does not quantify its effect on radar detection or graceful degradation per se. Hence, it is important to quantify the effect of failures on radar clutter and the consequent SINR loss.
The ground clutter is assumed to have mean reflectivity, 0.15 γ = , which corresponds to urban clutter. The radar operates at medium PRF of 10 KHz and 10 per cent duty cycle. The RD map and CNR are characterised for various failures using the antenna pattern given in Section 4. The rest of the parameters are as per Table 1 .
The range-doppler (RD) map for the patterns in Fig. 2 and Fig. 4 are provided in Figs. 8 and 9 , respectively. The effect of random failures is reflected as side lobe clutter in Fig. 9 .
The RD map in Fig. 9 highlights the noise limited region, the side lobe clutter region and the main lobe clutter region. The side lobe clutter levels that arise due to the inter-cardinal side lobes are significant and this leads to detection loss in this region. The average clutter levels for the various cases in Fig.  7 are computed in Fig. 10 and it can be seen that the clutter level increase is maximum for random failures and relatively less for multiple column failures. Column feeding the array, as proposed in the model, is efficient.
The average side-lobe clutter level is a direct indicator of the SINR loss given by The SINR loss is dominated by the inter-cardinal side lobes and hence maximum for random failures. The SINR loss can be directly translated to range loss via the radar equation.
coNcluSIoNS
The paper considered the generic problem of graceful degradation in airborne AESA radar used for long range surveillance. It is established that the inter-cardinal side lobe levels play a major role in determining side lobe clutter level. Also, the inter-cardinal side lobes are most sensitive to random failures than systematic failures. Hence, random feeding the array does not improve resilience to module failures. It can be concluded that the term 'graceful degradation' is conditional in airborne radars using conventional single channel processing. The 'graceful degradation' is valid only when the side-lobe clutter power with failures is comparable to noise level.
